Phosphonothrixin, a Novel Herbicidal Antibiotic Produced by Saccharothrix sp. II. Structure Determination Takashi Kimura, Kazuhiko Nakamura1" and Eisaku Takahashi* Nishiki Research Laboratories, Kureha Chemical Industry Co., Ltd., Nishiki-machi Iwaki, Fukushima 974, Japan tIDR Laboratory, Kureha Chemical Industry Co., Ltd., 3-25-1 Hyakunin-cho Shinjuku, Tokyo 169, Japan (Received for publication March 13, 1995) Phosphonothrixin (1) is a novel herbicidal agent produced by Saccharothrix sp. ST-888. This unique compound possessing a C-P bond and an isoprene unit was determined to be 2-hydroxy-2-hydroxymethyl-3-oxobutyl-phosphonic acid. Unusually rapid proton-deuterium (H-D)
exchange of the methyl ketone unit of this antibiotic in D2Osolution was observed. Phosphonothrixin can be classified as a new type of natural product herbicide having a C-P bond in the molecule.
Distribution of C-P compounds in nature is limited, only about 30 have been isolated.x) Bialaphos, phosphinothricin2) and phosalacine3) are herbicidal compounds isolated from the fermentation broths of actinomycetes which have C-P bonds in their molecules. All of these compounds were biosynthesized via phosphoenolpyruvate as a commonintermediate.1'^During our screening for new herbicidal substances, phosphonothrixin (1) was isolated from the fermentation broth of Saccharothrix sp. In the preceding paper,5) we described the taxonomy and fermentation of Saccharothrix sp. ST-888, as well as the isolation and biological activities of phosphonothrixin. In this paper, we present the physico-chemical properties and the details of the structural elucidation of this antibiotic. The unusually rapid H-D exchange of the methyl ketone unit in D2Osolution is also reported. The synthetic studies of phosphonothrixin will be reported in an accompanying paper.6) Table 1 .
The positive and negative FAB-MSspectra and the GC-MSspectra strongly suggested that the molecular weight was 198.
The positive reaction of Hanes-Isherwood reagent indicated that 1 was a derivative of phosphoric acid.
Elemental analysis also revealed existence of a phosphorus atom and absence of a nitrogen atom. Thus, we were able to assign the molecular weight as 198, and C5H11PO4 as the molecular formula.
The absorptions in the IR spectrum (KBr) could be assigned to hydroxyl groups (ca. 3400 cm" 1), a carbonyl group (1715cm"1) and an alkyl phosphonic acid (ca. 1100 and 962cm"1).
The 1H, 13C and 31P NMRspectra were measured in a pH 8 H2O buffer (0.1 m H3BO3 -KC1-NaOH solution, containing ca. 10% D2O) and are summarized in Table  2 . Wefound that the chemical shifts of these spectra were quite sensitive to pH, so we measured spectra using the pH 8 buffer as solvent.
The XHNMRspectrum showed two pairs of geminal Hz, respectively). These observations strongly suggested that the C-l methylene was connected directly to a phosphorus atom. The 31P NMRspectrum also showed 2/HP but no further couplings to any protons. Thus it is 1131 concluded that the phosphorus atom exists as a (P-alkyl) phosphonic acid. This conclusion is also supported by the chemical shift of the phosphorus atom (5 18.6ppm) and IR absorption (ca. 1100 and 962cm"1). The isolation conditions suggested that this acid exists as a sodium salt.
Furthermore, the chemical shifts in 13C NMR(26.0 and 215.6ppm) and XH NMRspectra (2.08ppm) and the MS fragmentations suggested the presence of a methyl ketone moiety. The 13C NMRspectrum also indicated one alcoholic quaternary carbon at 81.0 ppm, therefore the methyl ketone group should be connected to this atom. In addition, since the two methylene protons were not coupled each other, they must be separated by the alcoholic quaternary carbon. Thus the structure of phosphonothrixin was established to be 2-hydroxy-2-hydroxymethyl-3-oxobutylphosphonic acid (Fig. 1 ). This structure is also supported by the comparison of the spectroscopic data with PMM (2-phosphonomethylmalic acid), the biosynthetic intermediate of bialaphos.7)
The structure bearing a C-P bond and a C5 unit is quite unique, no examples were found in the literature as natural products. X) The final structural determination was confirmed by a total synthesis described in the succeeding paper. 6) Chemistry In NMR spectra of 1 in D2O, the intensities of 2.28 ppm (XH) and 26.0 ppm (13C) were found to fluctuate with each sample. This phenomenonwas unexpected from the structure of 1, in which no active protons connected to any carbon atoms were assumed.
To clarify this phenomenon, we measured XH NMR spectra in a pH=8 D2O buffer (0.1m H3BO3-KC1-NaOHsolution) in a sequential manner over 10 hours. The result is shown in Fig. 2 ; the integration values of Additionally, GC-MSspectra of the TMSderivative of this compound showed a 3 mass unit increment, and no interference was observed in m/z 443 (M+TMS4-COCD3)+.These results support the conclusion that all of the methyl protons were exchanged under this condition.
Discussion
Phosphonothrixin was shown to have a quite unique structure possessing a C-P bond and a branched C5 skeleton, which possesses an isoprene unit. Until now, only a small number of natural products with C-P bonds were known, and all of them are biologically derived from phosphonopyruvate by O-»C migration of a phosphorus atom of phosphoenolpyruvate.1'40 The peerless structure of this antibiotic would suggest a new biosynthetic pathway for C-P compounds. If this compoundis biosynthesized from phosphonopyruvate, the C5 unit should be constructed in an entirely different manner from that observed. Another plausible hypothesis is that the carbon skeleton of this antibiotic was derived from isoprenylpyrophosphate which is a common biosynthetic intermediate of terpenes having the same carbon skeleton as phosphonothrixin. If the C-P bond is formed by an intramolecular O-»C rearrangement of a phosphorus atom to the terminal methyl carbon of this molecule, it would suggest a new class of natural products. Further biosynthetic studies are in progress, and detailed discussions will be published elsewhere.
In addition, phosphonothrixin showsunusually rapid Optical rotation was determined on a JASCODIP-140 polarimeter at 589.6nm and 22°C. Mass spectra were measured on a JEOL JMS-DX303 (FAB-MS) or HP HP-5930B (GC-MS) spectrometer. IR spectra were recorded on a Perkin-Elmer model 1760 FT-IR spectrometer. NMRspectra were obtained on a JEOL JNM-A400 spectrometer with XH NMRrecorded at 400 MHz, 13C NMR at 100MHz and 31P NMRat 162MHz.
Chemical shifts are given in ppmusing methanol at 3.30ppm for XHand 49.0ppm for 13C as internal standard, and 85% H3PO4at 0 ppm for 31P as an external standard.
H-D Exchange in D2O
A 5 mg portion of phosphonothrixin (1) was dissolved in 0.6ml of a pD=8 D2O buffer (0.1m H3BO3-KC1-NaOHsolution); the resultant solution was kept in a NMRprobe at room temperature (ca. 26°C). XHNMR Spectra were measured repeatedly through 10 hours, and integration values of the corresponding methyl singlet were recorded. 
